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Criticality safety benchmark evaluations require the creation of models that most 
accurately represent the experiment being evaluated. In some cases this can be relatively 
trivial with experiments containing rather simple or standard geometry. In others, such as 
packed bed systems, this becomes unique and a more difficult process. The importance of 
accurate modeling of packed bed systems for the use of criticality safety benchmark 
evaluations was looked at. Four models were created of various complexities and 
accuracy. First the multi-particle bed, consisting of a fuel particle (UC1.7 kernel with C 
shell) and two filler particles (Zircaloy-4 and C + S at 6.2 w/o) was homogenized to form 
a single material that filled the fuel region. The second model used the material created in 
the first model but now in the form of the spherical particles placed in a simple lattice and 
used to fill the fuel region. The third model separated the three materials into their 
individual particle types and placed them into a simple lattice to fill the fuel region at 
approximate particle fractions. The fourth model used the complex lattice cell created 
from 8 face centered cubic unit cells in a 2x2x2 arrangement as the base for the particle 
lattice. As model complexity increased the model multiplication factor decreased from 
1.00240 in the homogenous model to 1.00135 in the complex lattice cell model 
approaching the experimental value of 1.0. It is expected that this is due to a combination 
of things such as self-shielding and changes to more accurate densities, packing fraction, 
material densities, and particle arrangement.
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1. INTRODUCTION
1.1. BACKGROUND
1.1.1. Criticality Experiment and Benchmark Evaluations. Criticality safety 
experiments and benchmark evaluations are comprised of two parts. First a criticality 
experiment is designed and performed with the intent of becoming an evaluation. Second, 
a model is created using a common modeling and calculation tool, such as MCNP6.2, to 
represent the experiment as accurately as possible.
The purpose of performing criticality safety benchmark experiments and 
evaluating them is twofold. First is the verification of modeling and calculation tools; this 
insures that for a specific experimental configuration the calculation tools and methods 
used do not contain any biases and provides results accurate to what is recorded in the 
experiment. If any biases are discovered to exist, it provides notice to others who are 
using these tools for applications similar to the experimental conditions, and to be 
corrected or accounted for. The second purpose is to verify nuclear data, i.e. nuclear cross 
sections. If differences are found between the experimental and model results, and they 
cannot be attributed to a bias in the calculation tool, then it can represent an error in the 
nuclear data being used for the calculations.
In order to ensure the quality and recording of these benchmarks the Criticality 
Safety Benchmark Evaluation Project (CSBEP) was created by the US Department of 
Energy (DOE) before becoming an official activity of the Nuclear Energy Agency (NEA) 
Nuclear Science Committee in 1995 [1]. Here it was then renamed the International 
Criticality Safety Benchmark Evaluation Project (ICSBEP).
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The ICSBEP ensures that the quality of the benchmark evaluations through a 
strict guide and review process. The Document Content and Format Guide for the 
ICSBEP outlines what is expected in a benchmark evaluation. Section 1 of the evaluation 
is for covering the experimental configuration. This is where all known and measured 
data is presented. This includes both geometry and material data as well as any 
uncertainties associated with the data. Section 2 addresses any unknown, missing data, or 
weaknesses in the in the data provided or missing in section 1. This is where any 
assumptions and estimations will be provided and defended. This section also addresses 
the uncertainty in keff due to uncertainties in the data and any assumptions or estimates 
made. Section 3 is where the benchmark model is created for use with the calculation 
tools being verified. This section should include and address any simplifications being 
made to the model and its effect on keff. It should provide the reader with everything 
needed to recreate the benchmark model in the exact way the evaluators have. The 
experimental and benchmark model keff is also provided in this section. Section 4 is the 
results section for the sample calculations. This is where the codes and cross section data 
used for the sample calculations are given. Section 5 is for references, and Appendix A is 
for sample input files used for the calculation tools [2].
To ensure that the evaluation is properly formatted and that each section contains 
all of the necessary information the evaluation undergoes a three-step review process. 
First the evaluation will undergo an internal review from someone in the evaluator’s 
organization. The internal reviewer will check to make sure that the experimental data is 
all correct. Second an independent review will take place by someone external to the 
evaluator’s organization. This review will ensure that the experimental information and
model are correct and described completely and clearly. Third members of the ICSBEP 
working group will review the evaluation to confirm that the evaluation is complete and 
results are reasonable [3].
1.1.2. Packed Bed Systems. Packed Bed Systems (PBS) are systems that contain 
elements that fill a bounding geometry with no defined position. Often times these 
systems attempt to reach the maximum possible packing fraction. One issue with 
modeling these systems is that there is no matrix material to secure the elements in place 
and they are free to move due to changing conditions. This also means that even the 
original location for each element is not often known. An example of a nuclear system 
that utilizes the PBS concept are Pebble Bed Reactors (PBR). PBR’s such as X-Energy’s 
Pebble Bed Modular Reactor (PBMR) use fuel spheres on the order of 6 cm in diameter. 
These are then loaded into a cylindrical core container. The bottom of the core container 
is essentially a funnel that allows for the removal of fuel pebbles from the core. Systems 
are in place as well to load more pebbles pellets to the top of the core. This allows for 
online refueling and fuel shuffling. Figure 1.1 shows an example of X-Energy’s reactor 
design [4].
PBRs contain thousands of spherical pebbles of fuel and moderator. These 
pebbles are freely poured into a bounding geometry to create the reactor core. Fuel 
pebbles can consist of compacts made with TRi-structural ISOtropic (TRISO) particles in 
a graphite matrix. The moderator pebble has the same appearance and dimensions as the 
fuel pebble but, contains only graphite moderator and no TRISO particles. Because the 
pebbles are freely packed into the core it can prove to be difficult to model in calculation 
tools such as MCNP6.2. Current modeling methods for PBRs utilize one of two methods.
3
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The model can either be simplified to use a hexahedral or tetrahedral lattice that 
can be easily defined within calculation tools like MCNP6.2. This limits the packing 
fraction to a max of 0.6046 and also the geometric accuracy of the model. For instance, 
using this method does not allow for the pebbles to be nested in one another as one would 
expect to see when pouring spheres into a container [5]. For the other method, the 
modeler can choose to define each individual pebbles position such that a more realistic 
packing fraction can be reached, and a much more accurate model can be created [6]. As
one can imagine, this creates a very long and complicated input file. For reference, the 
model created by Amin Abedi and Naser Vosoughi contained 16,890 pebbles. This led to 
an input file length of 202,000 lines [6].
While the current modeling methods used for PBRs may be sufficient, applying 
them to a system with many orders of magnitude more elements that need to be modeled 
the method becomes unreasonable or even impossible. The Space Nuclear Thermal 
Propulsion (SNTP) Critical Assembly (CX), often referred to as SNTP-CX, is an example 
of this. Using fuel stalks containing an annulus of fuel, zircaloy-4, and carbon particles 
on the order of 250 pm in diameter, the total number of modeled elements increases 
drastically and would require modeling more than 70 million particles per fuel stalk as 
shown in section 2.3.7. With the assembly containing 19 fuel stalks that’s more than 1.4 
billion particles [7]. Not only would applying Amin Abedi and Naser Vosoughis method 
of modeling each individual particle be completely unreasonable, but it would also be 
impossible in tools such as MCNP6.2 due to the limit on the number of cells being 
99,999,999 [8]. The other more simplified method of using basic MCNP6.2 lattice types 
is not ideal either as it would not allow for reaching the proper packing fraction nor 
represent the true packing arrangement.
1.2. OBJECTIVE
With both simple and brute force methods not being ideal for modeling systems 
like the SNTP-CX, it left room for a different approach to be developed. While it can be 
argued that for most applications the need for modeling each and every individual 
particle may be unnecessary, for benchmarking purposes the more detailed the model the
5
better. It was set out to develop a complex lattice structure to model the SNTP-CX 
system as accurately as possible. The objective of this thesis is to show and evaluate the 
effects of a complex lattice structure for packed bed multi-heterogenous systems being 
modeled for criticality benchmark work.
1.3. TASKS
In order to accomplish the objective, the following tasks had to be performed.
• All information regarding the SNTP-CX experiments in question must be 
gathered.
• Any missing information must be identified.
• Any modeling limitations must be identified.
• Justifiable estimates, approximations, simplifications, and assumptions 
must be made for both missing information and modeling limitations.
• Multiple models of increasing complexity of the particle bed must be 
developed to appropriately see the effects of the complex lattice.
6
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2. MODELS AND REPRESENTATION
The SNTP-CX core lies inside of a cylindrical tank assembly. The assembly tank 
is composed of an upper tank and lower base plate. This sits elevated above a dump tank 
that holds the moderator when the assembly is not in use. Two dump valves are attached 
at the bottom of the base plate to quickly drain the moderator form the assembly tank and 
into the dump tank. Two grid plates are used to position the core. The lower grid plate is 
located between the upper tank and the base plate. Along with 19 holes to position the 
fuel stalks there are drain holes drilled into the plate to allow for quicker draining of the 
moderator. The upper grid plate sits above the moderator using brackets attached to the 
top of the upper tank. The upper grid plate has 19 holes for positioning the fuel stalks that 
correspond with the 19 positioning holes in the lower grid plate. The upper grid plate also 
contains cut outs to allow for the pass through of the two safety blades and one control 
blade. The control blades have a “Y” shaped cross section with a 120-degree angle 
between each of the blades. The absorbing material used is cadmium which is then 
cladded in stainless steel. Attached to the outside of the upper tank is two fission 
chambers used to monitor count rates. Figure 2.1 shows a drawing of the SNTP-CX.
2.1. SNTP-CX DESIGN OVERVIEW
The SNTP-CX core lies inside of a cylindrical tank assembly. The assembly tank 
is composed of an upper tank and lower base plate. This sits elevated above a dump tank 
that holds the moderator when the assembly is not in use. Two dump valves are attached 
at the bottom of the base plate to quickly drain the moderator form the assembly tank and
into the dump tank. Two grid plates are used to position the core. The lower grid plate is 
located between the upper tank and the base plate. Along with 19 holes to position the 
fuel stalks there are drain holes drilled into the plate to allow for quicker draining of the 
moderator. The upper grid plate sits above the moderator using brackets attached to the 
top of the upper tank. The upper grid plate has 19 holes for positioning the fuel stalks that 
correspond with the 19 positioning holes in the lower grid plate. The upper grid plate also 
contains cut outs to allow for the pass through of the two safety blades and one control 











Figure 2.1: SNTP-CX Labeled Drawing
between each of the blades. The absorbing material used is cadmium which is then 
cladded in stainless steel. Attached to the outside of the upper tank is two fission 
chambers used to monitor count rates. Figure 2.1 shows a drawing of the SNTP-CX.
2.2. SNTP-CX COMPONENT DESCRIPTIONS
For benchmark evaluations modeling that is accurate to the experiments in 
question is incredibly important. Any difference in model and experimental results should 
be able to be shown as due to simulation bias or due to the nuclear data used. The 
following section describes the important components of SNTP-CX both in dimensions 
and material compositions.
2.2.1. Aluminum Description. All aluminum used for the construction of the 
critical assembly and fuel stalks was of the aluminum alloy 6061-T6 with a density of 2.7 
g/cc. See Table 2.1 for the measured aluminum composition.
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Silver 0.000004 Molybdenum 0.000001
Aluminum 0.981723 Nickel 0.000049
Boron 0.000005 Lead 0.000536
Bismuth 0.000046 Silicon 0.005789
Chromium 0.000650 Tin 0.000025
Copper 0.002167 Titanium 0.000106
Iron 0.002342 Vanadium 0.000041
Gallium 0.000665 Tungsten 0.000002
Magnesium 0.005258 Zinc 0.000217
Manganese 0.000264 Zirconium 0.000112
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2.2.2. Assembly Tank. The assembly tank is essentially a flanged cylindrical 
tube and is constructed from 6061-T6 aluminum alloy. Table 2.2 shows the dimensions 
of the assembly tank.





2.2.3. Base Plate. The base plate is constructed of 6061-T6 aluminum and 
provides 2.54 cm of moderator below the lower grid plate. It also contains two drain 
holes attached to two dump valves to allow for quick draining of the moderator if needed 
[7]. No dimensions for the base plate were recorded.
2.2.4. Grid Plates. The upper and lower grid plates are used to support the active 
core. Both grid plates are constructed from 6061-T6 aluminum alloy. The upper grid 
plate is 0.635 cm thick, 48.26 cm in diameter, and contains 19 holes in a hexagonal 
pattern centered about the grid plates axis to accommodate the 19 fuel stalks that make up 
the core. The holes are placed in a 9.4 cm pitch [7]. Also contained in the upper grid plate 
are cut outs to allow for passage of the one control blade and two safety blades. The 
lower grid plate has a thickness of 2.54 cm and also contains 19 holes to accommodate 
the bottom protrusion of the fuel stalks in the same pattern as the holes in the upper grid 
plate allowing for the fuel stalks to be secured in the core. The lower grid plate also 
contains moderator drain holes to allow for passage to the region between the lower grid
11
plate and the base plate. The lower grid plate is responsible for connecting the assembly 
tank to the base plate [7]. The outer diameter of the lower grid plate and diameter and 
placement of the drain holes were not recorded.
2.2.5. Control and Safety Blades. One control blade and two safety blades were 
a part of the assembly. The blades were cadmium cladded in stainless steel and held a ‘Y’ 
shape with an equal angle between each leg. For the experiments all three blades were 
fully withdrawn from the core [7]. Figure 2.2 shows a top-down view of the core 
configuration and location of the three blades. Figure 2.3 shows the control blade inserted 
into the assembly.
Figure 2.2: Top-Down Drawing View of CX Core
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2.2.6. Shim Element. The shim element was an Ag-In-Cd tablet inside a 
stainless-steel capsule attached to a rod. The shim element could be inserted into the 
central void of a modified fuel stalk that allowed for passage through the top of the stalk. 
For the experiments being modeled no shim element was used [7]. The shim element can 
be seen inserted into the central void of a fuel stalk in Figure 2.3. No other information 
on the shim element was recorded.
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2.2.7. Fuel Stalks. The fuel stalks consist of two regions: the fuel annulus and 
the stalk assembly. The fuel annulus makes up the region where the fuel and filler 
particles are located. It consists of an inner stalk tube, outer stalk tube, an upper and 
lower end plug, and components to seal the ends of the annulus region. The stalk 
assembly consists of the canister, upper and lower polyethylene axial reflectors, the fuel 
annulus, and the hold down spring [7]. To see how these fit together refer to Figure 2.4.
Note that the three alignment pins shown in Figure 2.4 have no recorded information 
regarding dimensions and positioning. This is addressed later in Section 2.
2.2.8. Fuel and Filler Particles. The fuel annulus contained three different types 
of particles: a fuel particle and two filler particles. These three particle types were then 
poured into the annulus in a controlled method to reach a target mass for each particle 
type while promoting even mixing and high packing fraction.
2.2.8.I. Fuel particles. The fuel particles consist of an inner UC1.7 kernel and 
outer carbon shell. The inner kernel has a nominal radius of 125 microns and the carbon 
shell has a nominal thickness of 15 microns. The uranium was enriched to a nominal 
mass fraction of 93% U-235. The fuel particles were produced and supplied in three 
different batches [7]. Table 2.3 shows the measured composition and isotopic mass 
fractions of the uranium. The portion of the mass fraction that is not accounted for is 
assumed to be due to impurities and is addressed in Section 2.3.7.
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Table 2.3: Fuel Lot Compositions
Fuel Lot 89042 89043 89044
U w/o 86.316 86.534 86.261
C w/o 13.525 13.048 13.364
U-234w/o 0.873 1.013 1.013
U-235 w/o 93.289 93.153 93.154
U-236w/o 0.43 0.395 0.397
U-238w/o 5.408 5.439 6.436
2.2.8.2. Filler particles. Two types of filler particles were used in the fueled
region. The first was a carbon and sulfur particle produced by VERSAR called the
CARBOSHPERE™ Type 220. It had a nominal radius of 125 microns. The particle 
contained natural carbon graphite with a 6.2% sulfur impurity by weight [7]. Other 
impurities were also measured in the material. The full material composition can be seen 
in Table 2.4. The second filler particle was a Zircaloy-4 particle. It also had a nominal 
radius of 125 microns. The Zircaloy-4 particles underwent an impurity analysis and the 
results as well as the full material composition can be seen below in Table 2.5 [7].
15
Table 2.4: Versar CARBOSHPERE™ Type S220 Average Measured Composition
Element w/o Element w/o
Boron 0.00001 Calcium 0.001
Fluorine 0.00002 Vanadium 0.007
Sodium 0.007 Iron 0.005
Magnesium 0.0005 Nickel 0.003
Aluminum 0.0001 Strontium 0.0001
Silicon 0.001 Barium 0.001
Sulfur 6.2
Chlorine 0.0002 Carbon Remainder
Table 2.5: Zircaloy-4 Average Measured Composition
Element w/o Element w/o
Boron 0.00002 Nickel 0.001
Oxygen 0.125 Copper 0.0005
Magnesium 0.00002 Niobium 0.000225
Aluminum 0.0035 Molybdenum 0.0001
Silicon 0.0015 Cadmium 0.0005
Calcium 0.0000825 Tin 1.45
Titanium 0.000275 Hafnium 0.001
Chromium 0.045 Tungsten 0.0002
Iron 0.2 Uranium 0.0005
Cobalt 0.0005 Zirconium Remainder
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2.2.9. Particle Masses. The mass of each type of particle was recorded for each 
individual fuel stalk. Also recorded was the particle bed height for each fuel stalk. This 
information is shown in Table 2.6 below as well as the averages.











S890427 1410.1 1791.1 474.5 1.001 43.030
S890530 1402.3 1821.7 472.1 1.004 42.990
S890606 1397.5 1784.1 477.5 0.999 43.010
S890621 1331.3 1787.2 490.3 0.998 43.020
S890622 1411.6 1760 482.77 1.000 43.020
S890706(a) 1441.4 1740.2 476.5 0.996 43.030
S890706(b) 1358.1 1788.4 484.75 0.999 43.020
S89071 1 (a) 1442.5 1773.5 464.8 0.995 42.990
S89071 1 
(b) 1349.1 1794.6 479.2 0.994 42.980
S890714 1331.45 1808.8 480.5 0.995 43.010
S890717 1434.5 1762.15 468.92 0.994 43.010
S890718 1417.3 1785.7 469.6 0.997 42.960
S890721 1407.9 1794.3 471.6 0.999 42.990
S890728(a) 1355.1 1794.2 472.4 0.990 43.000
S890808(a) 1379.02 1785.3 480.8 0.999 42.990
S890808(b) 1382.06 1825.05 468.47 0.999 43.020
S890808(c) 1387.21 1774.89 477.21 0.995 43.020
S890814 1347.92 1802.81 476.71 0.994 43.000
S890816 1365.46 1777.57 478.14 0.993 42.990
Average 1386.938 1786.925 476.146 0.997 43.002
Standard
Dev. 34.558 19.903 6.122
Std.
Dev./Ave. 0.025 0.011 0.013
2.3. MODELING METHODS
Modeling was done in MCNP6.2. The following section describes the model used 
and methods used in creating it. The model is constructed to represent the experimental
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setup as accurately as possible with what information was available. The section also will 
discuss the four different methods used to model the particle bed. The four different 
particle bed models are constructed at different levels of fidelity and accuracy to show the 
change in results as model complexity and accuracy increases.
2.3.1. Moderator. The assembly used borated light water as the moderator. For 
these experiments being modeled it was also used as the approach to critical parameter. 
Moderator temperature was taken using multiple Resistance Temperature Detectors 
(RTD) and recorded for each experiment run. Boron concentration was measured using 
two different methods. The first was through the use of a Boronimeter™ and the second 
being through titration. The data for moderator temperature and both boron 
measurements and critical moderator height for the experimental run being considered 
can be seen in Table 2.7. Moderator height was measured from the top of the lower grid 
plate.







1 68.9 67.0 54.25 19.90
* Titration Boron Concentrated Adjusted to 20°C
2.3.2. Base Model. The base model is what is referred to as everything in the 
model excluding the fuel region. This is because the only thing changing in the four 
models is the fuel region. Figure 2.5 show the base model as modeled in MCNP6.2 with a
homogenized fuel region. All materials in the model make use of the ENDF/B-VII.0 
cross section libraries at room temperature available in MCNP6.2.
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2.3.3. Assembly Tank and Core Support Structures. The upper core tank is 
modeled as a simple thin-walled cylinder. The core tank sits directly on top of the lower 
grid plate. The lower grid plate is modeled as a solid cylinder. Below the lower grid plate 
is the base plate allowing for 2.54 cm of water below the lower grid plate. The upper grid 
plate is 56.1 cm above the lower grid plate and contains 19 7.282 cm diameter holes 
arranged in a 9.4 cm triangular pitch centered about the axial direction to allow for the 
fuel stalks to pass through. Table 2.8 shows the axial and radial location and dimensions 
of these components. Note the table does not account for the fuel stalks which will
override the moderator or void when modeled in the core.
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Table 2.8: Axial and Radial Position of Assembly Tank and Core Support Structures
Axial Position (cm) Radial Position (cm) Component Material
Start Stop Start Stop
-7.62 -5.08 0.00 45.36 Base Plate Aluminum
-5.08 -2.54
0.00 41.55 Moderator Borated Water
41.55 45.36 Base Plate Aluminum
-2.54 0.00 0.00 45.36 Lower Grid Plate Aluminum
0.00 54.25
0.00 35.50 Moderator Borated Water
35.50 36.135 Core Tank Aluminum
54.25 56.10
0.00 35.50 Void Void
35.50 36.135 Core Tank Aluminum
56.10 56.735
0.00 24.13 Upper Grid Plate* Aluminum
24.13 35.50 Void Void
35.50 36.135 Core Tank Aluminum
56.735 69.10
0.00 35.50 Void Void
35.50 36.135 Core Tank Aluminum
*Holes placed appropriately to accommodate fuel stalks
2.3.4. Fuel Stalk (Excluding Fuel Region). The average fuel stalk was used in 
all positions 19 stalk positions in the core. Table 2.9 presents the dimensions, position, 
and material of each fuel stalk component.
Table 2.9: Fuel Stalk Axial and Radial Description
Axial Position (cm) Radial Position (cm)
Component Material
Start Stop Start Stop
0.00 0.75 0.00 3.641 Canister Aluminum
0.75 5.37
0.00 3.486 Axial Reflector Polyethylene
3.486 3.641 Canister Aluminum
5.37 5.75
0.00 1.774 End Plug Aluminum
1.774 3.486 Axial Reflector Polyethylene
3.486 3.641 Canister Aluminum
5.75 6.05
0.00 1.4695 End Plug Aluminum
1.4695 1.774 Inner Stalk Tube Aluminum
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Table 2.9: Fuel Stalk Axial and Radial Description (continued)
Axial Position (cm) Radial Position (cm)
Component Material
Start Stop Start Stop
1.774 3.3045 Annulus Floor Aluminum
3.3045 3.462 Outer Stalk Tube Aluminum
3.462 3.486 Void Void
3.486 3.641 Canister Aluminum
6.05 6.87
0.00 1.4695 End Plug Aluminum
1.4695 1.774 Inner Stalk Tube Aluminum
1.774 3.3045 Fuel Region Fuel
3.3045 3.462 Outer Stalk Tube Aluminum
3.462 3.486 Void Void
3.486 3.641 Canister Aluminum
6.87 49.03
0.00 1.4695 Void Void
1.4695 1.774 Inner Stalk Tube Aluminum
1.774 3.3045 Fuel Region Fuel
3.3045 3.462 Outer Stalk Tube Aluminum
3.462 3.486 Void Void
3.486 3.641 Canister Aluminum
49.03 49.05421
0.00 1.4695 End Plug Aluminum
1.4695 1.774 Inner Stalk Tube Aluminum
1.774 3.3045 Fuel Region Fuel
3.3045 3.462 Outer Stalk Tube Aluminum
3.462 3.486 Void Void
3.486 3.641 Canister Aluminum
49.05421 50.15
0.00 1.4695 End Plug Aluminum
1.4695 1.774 Inner Stalk Tube Aluminum
1.774 3.3045 Washer Aluminum
3.3045 3.462 Outer Stalk Tube Aluminum
3.462 3.486 Void Void
3.486 3.641 Canister Aluminum
50.15 50.53
0.00 1.774 End Plug Aluminum
1.774 3.486 Axial Reflector Polyethylene
3.486 3.641 Canister Aluminum
50.53 55.15
0.00 1.665 Void Void
1.665 3.486 Axial Reflector Polyethylene
3.486 3.641 Canister Aluminum
55.15 57.60
0.00 3.486 Void Void
3.486 3.641 Canister Aluminum
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Table 2.9: Fuel Stalk Axial and Radial Description (continued)
Axial Position (cm) Radial Position (cm)
Component Material
Start Stop Start Stop
57.60 58.65
0.00 3.486 Void Void
3.486 3.641 Canister Aluminum
3.641 4.236 Canister Lid Aluminum
58.65 59.10 0.00 4.236 Canister Lid Aluminum
59.10 60.60 0.00 1.4695 Canister Lid Aluminum
2.3.5. Homogenous Fuel Region. For the simplest modeling method of the fuel 
region a homogenous region was use. The fuel particles, carbon particles, zircaloy 
particles, and void present between the particles was blended into a single material and 
set to fill the entire fuel region of the fuel stalk. Table 2.10 shows the elemental 
composition of the resulting fuel mixture. To calculate the material density the total 
mass of the three particle types was divided by the volume of the fuel region resulting in 
a density of 3.47588 g/cc. Figure 2.6 below shows the fuel region modeled in MCNP6.2.






Boron 1.13E-07 Iron 9.87E-04
Carbon 1.73E-01 Cobalt 2.45E-06
Oxygen 6.12E-04 Nickel 9.48E-06
Fluorine 3.05E-08 Copper 2.45E-06
Sodium 1.07E-05 Strontium 1.53E-07
Magnesium 8.61E-07 Zirconium 4.81E-01
Aluminum 1.73E-05 Niobium 1.10E-06
Silicon 8.87E-06 Molybdenum 4.90E-07
Sulfur 9.33E-03 Cadmium 2.45E-06
Chlorine 3.05E-07 Tin 7.10E-03
Calcium 1.93E-06 Barium 1.53E-06
Titanium 1.35E-06 Hafnium 4.90E-06
Vanadium 1.07E-05 Tungsten 9.79E-07
Chromium 2.20E-04 Uranium 3.28E-01
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Figure 2.6: YZ (left) and XY (right) View of the
Homogeneous Fuel Region Model
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2.3.6. Simple Lattice Using Single Particle Type with Homogenous Material.
To slightly increase the complexity a simple hexagonal lattice in MCNP6.2 was generated 
using particles with a radius of 125 microns that were comprised of the homogenous fuel 
mixture discussed in Section 2.3.3. The maximum packing fraction for this lattice type of 0.6046 
was used. The hexagonal prism containing the particles has a center to face length of 125 
microns and a height of 250 microns. The material density was adjusted such that the total mass 
in the fuel stalk remained constant resulting in a material density of 5.74906 g/cc. This was 
calculated by dividing the material density calculated in Section 2.3.3 by the packing fraction. 
Figure 2.7 shows the fuel stalk model with the lattice in the fuel region while Figure 2.8 shows a 
close up of the fuel lattice and fuel particles.
Figure 2.7: YZ (left) and XY (right) Views of the Simple Lattice
Single Particle Fuel Region Model
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Figure 2.8: Close Up YZ (Left) and XY (Right) Views of the Simple Lattice
Single Particle Lattice Model
2.3.7. Simple Lattice Using Discrete Particle Types. The next level of 
complexity was to introduce the three types of individual particles to the model. To do 
this a few simplifications and assumptions were required. First the particles were all set 
to have the same radius of 135 microns. 135 microns was used as it allowed a 125 micron 
fuel kernel and 10 micron thick carbon shell on the fuel particles. The particles were all 
then assumed to have the same outer radius so that the maximum packing fraction could 
be achieved. These particle dimensions were a good compromise between having the 
proper size fuel kernel and a near to average carbon shell thickness without overly 
increasing the size of the carbon and zircaloy-4 filler particles. Second, particle fractions 
had to be estimated and then appropriately be rounded to allow for easier modeling in 































































using the total mass of each particle type, estimated material densities, and assumed 
dimensions for each particle type to estimate the total number of particles of each type in 
the stalk. Material densities for each particle were estimated by dividing the measured
bulk densities by a packing fraction of 0.64. From here the estimated particle fractions 
could be calculated and rounded to the model particle fractions. See Table 2.11 for the 
values.
The next step was to design the lattice block that would contain the particles at the 
assumed model particle fractions that could then be repeated to fill the fuel region. A 
simple hexagonal MCNP6.2 lattice was used as the base. The lattice contained 27 total 
particles per layer and was 10 layers thick so that each lattice block contained 270 total 
particles. The lattice block contained 54 fuel particles, 108 carbon particles, and 108 
zircaloy particles to meet the particle fractions that was assumed above. Material 
densities were calculated by dividing the particles model bulk density by the particle 
types’ volume fraction in the lattice. Since the particles all have the same outer radius, the 
volume fraction is equal to the particle fractions. The carbon used for the shell on the fuel 
particle was assumed to have the same material density and impurities as the carbon 
particles with the exception of sulfur content which was adjusted such that the total 
carbon mass in the shell was correct. Material compositions used for each of the particle 
types can be seen in Table 2.12, Table 2.13, and Table 2.14. Figure 2.9 shows the fuel 
stalk modeled with the particle while Figure 2.10 shows the XY and YZ views of the 
lattice block. The figure shows that the lattice block was expanded as a lattice and was 
appropriately designed so that the particle lattice was uniform with no particle truncation 
taking place at lattice block boundaries.
26
27
















































Table 2.14: Zircaloy-4 Material Information
Zircaloy-4 Particle
Density (g/cc) 7.03637
Element mass fraction Element mass fraction
Boron 2.00000E-07 Nickel 1.00000E-05
Oxygen 1.25000E-03 Copper 5.00000E-06
Magnesium 2.00000E-07 Zirconium 9.81701E-01
Aluminum 3.50000E-05 Niobium 2.25000E-06
Silicon 1.50000E-05 Molybdenum 1.00000E-06
Calcium 8.25000E-07 Cadmium 5.00000E-06
Titanium 2.75000E-06 Tin 1.45000E-02
Chromium 4.50000E-04 Hafnium 1.00000E-05
Iron 2.00000E-03 Tungsten 2.00000E-06
Cobalt 5.00000E-06 Uranium 5.00000E-06
Figure 2.9: YZ (Left) and XY (Right) Views of the
Simple Lattice Multi-Particle Fuel Region Model
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Figure 2.10: Close Up YZ (Left) and XY (Right) Views of the Simple Lattice 
Multi-Particle Lattice Model (Purple -  UC, Blue -  Carbon, Orange -  
Zircaloy-4, Pink -  Carbon)
2.3.8. Complex Lattice. The final model was to develop a method that would 
most accurately represent the particle bed. Due to the high number of particles modeling 
each particle as an individual cell is not reasonable nor possible in MCNP6.2. A unit cell 
that could be repeated as a lattice needed to be developed. In choosing a lattice 
arrangement a few factors needed to be considered:
• Must have a packing fraction of at least 0.64.
• A high number of particles per unit cell is desirable.
• Modeling simplicity.
The requirement of a packing fraction of at least 0.64 limits the lattice structure to 
three types: body-centered cubic (BCC) (0.68 max), face-centered cubic (FCC) (0.74
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max), and hexagonal close-packed (HCP) (0.74 max). The second consideration, higher 
number of particles per unit cell, eliminates BCC (2 particles/unit cell) from 
consideration. FCC has 4 particles/unit cell and HPC has 6 particles/unit cell. While HPC 
has more particles/unit cell the FCC the third consideration of modeling simplicity makes 
it less desirable. A single FCC unit cell requires the definition of 14 points placed on the 
8 vertices and 6 faces of a cube. A single HPC unit cell requires the definition of 17 
points placed on the 12 vertices, the top and bottom face, and three internal locations. The 
other benefit to using a FCC base lattice structure is that it can be easily scaled. For 
instance, a 2x2x2 system of FCC unit cells creates a larger unit cell with 32 unique 
particles.
With a lattice structure defined the other parameters could now be set or 
calculated. This includes model particle fractions, lattice size, particle radii, and material 
densities. Model particle fractions and the size of the lattice go hand in hand, as the lattice 
grows larger the more total number of particle locations per lattice cell and therefore the 
closer the model particle fraction can be to the estimated experimental particle fractions 
calculated in Section 2.3.7. The draw back to increasing lattice side is that it becomes 
exponentially more to model. Going from a 1x1x1 lattice unit cell (i.e. a single FCC 
lattice element per unit cell) to a 2x2x2 lattice unit cell (i.e. 8 total FCC lattice elements 
per unit cell) is an increase from 4 to 32 total particles per unit cell. The 2x2x2 lattice size 
was chosen as a good compromise between modeling difficulty and accuracy.
To calculate the remaining values of lattice size, particle radii, and material 
densities an iterative process was required. Lattice size was calculated by dividing the 
total volume of the particles in a lattice cell by the packing fraction. Filler particle radii
were calculated using material density and the total particle mass required in the fuel 
stalk. Fuel kernel and carbon shell material densities were calculated from an assumed 
radius and thickness and required total masses in the fuel stalk. A python script was 
created to complete these iterative calculations and is discussed in more detail in Section
3.3. Table 2.15 lists the final parameters used for the particles to construct the lattice. The 
final lattice cell side length is 762.796 pm. Material compositions for the particles can be 
seen in Section 2.3.7 in Table 2.12, Table 2.13, and Table 2.14.
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Fuel - - 6 0.1875 - -
Kernel 125.000 11.201 - - 9.90E-03 7.61E-04
Shell 15.000 1.827 - - -4.15E-05 -4.83E-05
Carbon 126.390 1.983 12 0.3750 -8.61E-04 -1.81E-04
Zircaloy 124.660 6.65 14 0.4375 1.34E-04 7.50E-06
With all of the parameters of the lattice now defined the model could be created.
A python script was created to assist with the creation of the surface and cell cards for the 
MCNP6.2 input file. This script is discussed in more detail in Section 3.3. Figure 2.11 
shows the complex lattice filling the fuel region of a fuel stalk. Figure 2.12 shows the XY 
view of the midplane of a lattice cell and how it is repeated in all directions in this plane. 
Note that the lattice was constructed in such a way that full particles are still represented.
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Figure 2.11: YZ (Left) and XY (Right) Views of the Complex Lattice Fuel Region
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Figure 2.12: Close Up YZ (Left) and XY (Right) Views of the Simple Lattice Multi­
Particle Lattice Model (Purple -  UC, Blue -  Carbon, Orange -  Zircaloy-4, Pink -
Carbon)
2.4. ASSUMPTIONS, ESTIMATIONS, AND SIMPLIFICATIONS MADE FOR 
THE BASE MODEL
The following section describes any ways that the modeled components may 
differ from the experimental setup. While accurate modeling is important some 
information was unavailable to correctly model various components. This leads to 
simplification of the model or in some cases total exclusion of components. It is 
important to note that for the purpose of this thesis, which is to show the difference in 
modeling techniques of the fuel particle bed, that this is acceptable so long as the only 
variance in the four models is made in the particle bed.
2.4.1. Geometry. This section addresses any assumptions, estimations, or 
simplifications made to the geometry for the base model.
2.4.1.1. Assembly tank. To simplify the model geometry the upper and lower 
flange portion of the assembly tank were removed. This is justified through the fact that 
there is no information available regarding the dimensions of either flange and that they 
reside outside of the active core and reflectors.
2.4.1.2. Control and safety blades. The control and safety blades are removed 
from the model. This simplification was justified through the lack of data regarding the 
size, position, and materials of the blades. Because all three blades were at their most 
positive reactivity position above the active core and reflectors for the experiments it was 
deemed that their effect on keff would be negligible.
2.4.1.3. Upper grid plate. The upper grid plate support brackets were removed. 
They were above the grid plate and attached the grid plate to the upper flange of the 
assembly tank. This was deemed acceptable due to the supports being outside the active 
core and reflector region. The cutouts for the control and safety blades were not modeled 
in the grid plate. This is due to a lack of information on their size and location. It was 
decided that this would have minimal effect on keff as the simplification is located outside 
of the active core and reflector region. The holes for the fuel stalk were set to be equal in 
diameter to the outer diameter of the fuel stalk. This is done to both simplify modeling 
and because no information on the actual hole size is available.
2.4.1.4. Lower grid plate. The lower grid plate is modeled as a solid cylinder 
with no stalk positioning holes or drain holes modeled. Stalk positioning holes are 
excluded as these would be filled with the same material once the fuel stalks are inserted. 
To accompany this, change the lower protrusions on the fuel stalk were removed, this is 
discussed further in Section 2.4.1.6. This simplification was made primarily to simplify
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modeling. Drain holes were removed due to a lack of information regarding the number 
of drain holes, their positioning, and their diameter. This simplification is identified as a 
potential source for discrepancy between the model keff and the experimental keff. 
However, for the purpose of this thesis as long as the simplification remains constant for 
each of the fuel region modeling methods this discrepancy is not important as we are 
interested in the change in keff. The outer radius of the grid plate was not provided and 
was set equal to that of the outer radius of the base plate to which it was attached to.
2.4.1.5. Base plate. No information for the base plate was provided. A to scale 
drawing of the assembly was used estimate the dimensions of the base plate.
2.4.1.6. Fuel stalk (excluding particle bed). A few simplifications were made to 
the fuel stalks. First the protrusions from the bottom of the fuel stalk that slotted into the 
lower grid plate were removed. This was corrected by modeling the lower grid plate as a 
solid cylinder and justified since the materials are the same and the fuel stalk was 
designed to fit in the voids of the lower grid plate. Second, the diameters of the inner and 
outer stalk tube as well as the diameters of the canister were assumed to be the as-built 
averages.
2.4.2. Materials. This section addresses any assumptions, estimations, or 
simplifications made to the materials for the base model.
2.4.2.1. Aluminum. The assembly tank, base plate, and grid plates were all 
constructed from 6060-T6 aluminum alloy. The fuel stalks were mainly constructed from 
6061-T6 aluminum alloy as well including the: canister tube, canister bottom, canister 
cap, inner and outer stalk tubes, annulus floor, inner end plugs, and annulus closure 
assembly. Multiple samples from the various source material used for the aluminum
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components were sent for impurity and composition analysis. To simplify the model, the 
average of the samples was used for all aluminum components. Table 2.1 in Section 2.2.1 
shows the average measured composition used.
2.4.2.2. Moderator. Experiments were recorded to have been performed at or 
near 20.0 °C. All models were constructed to be at 20.0 °C. Boron concentration was also 
corrected for this simplification.
2.4.2.3. Polyethylene. Polyethylene was assumed to have the basic formula C2H4 
and a density of 0.95 g/cc. No impurities were included.
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3. TOOLS USED AND DEVELOPED
3.1. MCNP6.2
All modeling was done using MCNP6.2. MCNP or Monte-Carlo N-Particle is a 
particle transport code capable of handling neutrons, electrons, and photons. MCNP is 
developed and maintained by Los Alamos National Laboratory [8]. As of the time of this 
thesis MCNP version 6.2 is the most up-to-date release of MCNP. Common uses of 
MCNP6.2 include criticality calculations, shielding calculations, burn-up calculations, 
and calculating flux energy spectrums and magnitudes.
3.2. PYTHON3
Python is an interpreted, high level, and object-oriented programing language 
designed to be highly readable and allow for more compactly written programs. Python 
was designed to improve upon existing programming languages such as C and C++ with 
faster development times, better error checking, and high-level data types being built into 
the language itself. Python can be used from creating simple scripts to automate tasks and 
perform calculations to full scaled programs or games. Python has existed as three major 
releases: Python, Python2, and Python3. The most up-to-date version of Python is version 
3.9.2 as of the time of this thesis [9].
3.3. SCRIPTS
Two tools were developed to aid with the modeling of the particle bed. Both tools 
were developed using Python3. The first tool developed calculated the needed density of 
the UC1.7 and graphite shell materials as well as the diameters of the carbon and zircaloy-
4 filler particles. The script took two types of inputs. First it took the required lattice 
parameters including: zircaloy-4 particle material density, carbon particle material 
density, UC kernel radius, graphite shell thickness, packing fraction, lattice fill volume, 
and number of each type of particle in the lattice (i.e. particle fractions). The second 
inputs were for the initial values of the parameters being iterated and the iteration check 
values including: the zircaloy-4 and carbon particle radius and the UC kernel and 
graphite shell material densities as the iterated values and total material masses in the fuel 
region as the check values. With these parameters a lattice could be generated. The total 
material masses of the model lattice would then be compared with the measured material 
masses. If the model mass was greater than the measured mass the iteration parameter for 
that material would be decreased slightly. If the model mass was less than the measured 
mass the iteration parameter for that material would be increased slightly. Once the 
model masses are within a set tolerance the script outputs the lattice parameters to the 
user. The iterations were performed for each of the four materials making up the three 
particles independently to ensure each materials mass is correct. While this script is 
specialized for this specific system and lattice requirements the ability to generalize it for 
any packed bed system does potentially exist. Figure 3.1 below shows a flow chart of the 
scripts iterative process.
The second tool developed was to create the surface and cell cards for the 
MCNP6.2 input file. The script would take the output from the first script. The script had 
pre-defined locations for the fuel particles as it was required to keep any particles from 
clipping into one another due to the large differences in particle sizes and high packing 
fraction required. For the filler particles a random number generator was used to choose
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Figure 3.1: Script 1 Iterative Flow Chart
particle locations in the lattice. This allowed for a truly random arrangement of the 
particles and an easy way to test the model’s sensitivity to the filler particle arrangement; 
each time the script was ran it would produce a different arrangement of the filler 
particles. The script then output one text file containing the surface cards for the particle 
lattice and a second text file containing the cell cards for the particle lattice. These cards 
could be directly copied into the MCNP input file. Note that this script is very specialized 





4.1. COMPARISON OF MODELS
As shown in Table 4.1 as model complexity increases keff becomes closer to the 
experimental keff of 1.0.
Table 4.1: Comparison of Model keff
Model k-eff Std. Dev.
Homogenous Fuel Region 1.00240 0.00002
Simple Lattice Single Particle 1.00229 0.00002
Simple Lattice Multi-Particle 1.00167 0.00002
Complex Lattice 1.00135 0.00002
4.2. IMPACT OF TRIMING LATTICE IN RADIAL DIRECTION ON MODEL
To test the impact of truncating the particles along the two radial boundaries the 
lattice was shifted in the radial direction by various amounts. The lattice was shifted 
1/10th the unit cell side length increments in both the X and Y directions simultaneously. 
This was done repeatedly, moving by 1/10th the unit cell side length each time until the 
lattice reached its initial position. Table 4.2 and Figure 4.1 show the results of this 
perturbation. As can be seen with a range of 13 pcm no meaningful correlation between 
the radial truncation of particles and keff can be made.
42
Table 4.2: Radial Truncation Effects
Run delta (cm) Ke ff std. dev.
1 0 1.00135 0.00002
2 0.00764 1.00138 0.00002
3 0.01528 1.00147 0.00002
4 0.02292 1.00144 0.00002
5 0.03056 1.00135 0.00002
6 0.0382 1.00140 0.00002
7 0.04584 1.00137 0.00002
8 0.05348 1.00148 0.00002
9 0.06112 1.00145 0.00002














Figure 4.1: Effects of Radial Truncation of the Model Multiplication Factor
4.3. IMPACT OF TRIMING LATTICE IN AXIAL DIRECTION ON MODEL
To test the impact of truncating the particles along the axial boundaries the lattice 
was shifted in the axial (Z) direction by various amounts. The lattice was shifted by 1/10th 
the unit cell side length in the Z directions. This was done repeatedly, moving by 1/10th
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the unit cell side length each time until the lattice reached its initial position. Table 4.3 
and Figure 4.2 show the results of this perturbation. As can be seen with a range of 13 
pcm no meaningful correlation between the axial truncation of particles and keff can be 
made.
Table 4.3: Axial Truncation Effects
Run delta k-eff std. dev.
1 0.00764 1.00135 0.00002
2 0.01528 1.00130 0.00002
3 0.02292 1.00131 0.00002
4 0.03056 1.00139 0.00002
5 0.03820 1.00143 0.00002
6 0.04584 1.00140 0.00002
7 0.05348 1.00134 0.00002
8 0.06112 1.00134 0.00002
9 0.06876 1.00133 0.00002
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Figure 4.2: Axial Truncation Effects
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4.4. IMPACT OF CARBON AND ZIRCALLOY LATTICE ELEMENT POSITION 
ON MODEL
The impact of the location of the carbon and zircalloy filler particles in the lattice 
was also considered. While the fuel particles must be fixed in location the carbon and 
zircaloy particles are free to be placed in any of the remaining lattice positions. To test 
the effects of this 10 different MCNP6.2 inputs were generated with 10 different particle 
arrangements in the lattice. Table 4.4 and Figure 4.3 show the results of this test. As can 
be seen there is no meaningful difference in any of the results.
Table 4.4: Effects of Zircaloy and Carbon Particle Arrangement











4.5. IMPACT OF PACKING FRACTION AND PARTICLE MATERIAL 
DENSITY ON MODEL
The largest unknown in the data is the actual packing fraction of the particle bed. To 
test the model’s sensitivity to this, 2 additional models were generated with different 
packing fractions. One with a packing fraction of 0.65 and a second with a packing 
fraction of 0.66. This also results in a change in the material density calculations. As 
packing
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Figure 4.3: Effects of Zircaloy and Carbon Particle Arrangement
fraction increases more total particles are present in the stalk and therefore the material 
densities and particle radii must be adjusted to keep the total mass constant. Packing 
fractions below 0.64 were not tested as it would require densities over the theoretical 
maximum material densities and so it was deemed unnecessary as it is an impossible 
configuration. The results of the packing fraction on keff can be seen in Table 4.5 and 
Figure 4.4. A correlation is present where a 1% change in packing fraction results in a 
directly proportional change in keff of approximately 10 PCM.
Table 4.5: Effects of Packing Fraction on Multiplication Factor
Run # PF k-eff
std.
dev.
1 0.64 1.00135 0.00002
2 0.65 1.00145 0.00002
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Figure 4.4: Effects of Packing Fraction on Multiplication Factor
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5. CONCLUSIONS AND FUTURE WORK
For the purposes of criticality safety benchmark work highly detailed models of 
the experiments are required in order to measure the simulation code’s ability to 
accurately reproduce the experimental results. Modeling methods exist for both large 
numbers of small particles contained in a matrix material (i.e. systems using TRISO 
particles) and for packed bed systems that contain larger sized particles or pebbles like 
pebble bed reactors. However, for systems that contain large numbers of small particles 
in a packed bed arrangement, such as the SNTP-CX, modeling becomes a more difficult 
task. These systems cannot be treated as TRISO particles in a matrix would as they 
require higher packing fractions than are allowed with traditional MCNP6.2 lattice types. 
A common and accurate way to model the packed bed of a PBR is to individually model 
each pebble in the reactor allowing for accurate arrangement of the pebbles and the 
correct packing fractions. While this method works well for packed bed systems that 
contain tens of thousands of pebbles it is not feasible in a system containing more than a 
billion total particles. This is where the complex lattice cell created here comes into play. 
It allows for the modeling a large number of particles in a way similar to how one would 
handle the modeling of TRISO particles, but with the accuracy of particle arrangement 
and packing fraction that one would have when modeling a lower number of particles in a 
packed bed system such as a PBR.
In order to verify that this level of detail is beneficial to the modeling accuracy 
four different models based of the SNTP-CX were created with varying complexity in the 
fuel region. SNTP-CX fuel region contained three different types of particles: the fuel
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particle, a carbon graphite particle, and a zircaloy-4 particle. These were evenly mixed in 
specified amounts and filled an annular fuel region. Each particle was on the order of 250 
-  280 pm in diameter. The first and most simple of the models homogenized the fuel 
region creating a single material containing all three particle types and a smeared material 
density. A step up in difficulty was the simple lattice single particle model that created a 
simplified particle bed with particles of a uniform size contained in a MCNP6.2 type 2 
lattice structure at the maximum possible packing fraction. The homogenized fuel region 
material was used for the particles with an adjusted density to keep total masses correct. 
The third model, simple lattice multi-particle, utilized the same model geometry as the 
previous model but modeled the three different particle types discretely. A repeatable 
lattice cell was created using the MCNP6.2 type 2 lattice containing 270 total particles 
split into the appropriate particle fractions and the particles were randomly placed in the 
lattice to simulate the particle mixing. This repeatable lattice cell was then repeated 
throughout the fuel region. Finally, the most accurate model utilized the complex lattice 
cell developed here. The lattice cell contained a 2x2x2 arrangement of FCC unit cells and 
a total of 32 particles split into the appropriate particle fractions at a packing fraction of 
0.64. Particle sizes were no longer required to be uniform and were adjusted to more 
accurately represent the experiment.
The results showed that as model complexity increased the model multiplication 
factor approached that of the experimental value. The homogenous fuel region model 
resulted in a multiplication factor of 1.00240 and decrease with each increase in 
complexity with the complex lattice cell model having a multiplication factor of 1.00135. 
It is expected that the main contributors to the decrease in multiplication factor as
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complexity increased is due to self-shielding effects in the more complex models as well 
as more accurate material densities. Future work includes the consideration of including 
the self-shielding effects for the homogenous model though the use of modified cross 
section data for the homogenous fuel region. Overall, for criticality safety benchmark 
work the complex lattice cell and model designed here significantly improved the 
model’s ability to represent the experiments.
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